Introduction {#Sec1}
============

Diabetic kidney disease (DKD), a major microvascular complication occurring in \~20%--40% of patients with diabetes mellitus (DM), is the leading cause of end-stage renal failure worldwide \[[@CR1]\]. Various factors contribute to the development of DKD. Hyperglycemia-induced glomerular injury has been recognized as a classic characteristic of the pathogenesis of DKD \[[@CR2]--[@CR4]\]. However, emerging evidence suggests that proximal renal tubular injury also plays a pivotal role in the initial kidney damage associated with DKD, which occurs earlier than glomerulopathy \[[@CR5]--[@CR7]\]. Thus, proximal renal tubular cells may be a new therapeutic target for the treatment of DKD.

Proximal renal tubules are an energy-consuming machines that participate in the reabsorption of fluid and are susceptible to a variety of metabolic and hemodynamic factors \[[@CR8]\] that may induce apoptosis. Apoptosis has been found in proximal renal tubules and distal renal tubules in diabetic patients \[[@CR9]\]. In addition, DKD animals and proximal renal tubular cells in vitro undergo apoptosis in a high-glucose (HG) environment \[[@CR10], [@CR11]\]. From this evidence, we can consider the apoptosis of tubular cells to be a vital feature of DKD \[[@CR12]\].

The proapoptotic Bcl-2 homology domain 3-only protein Bim plays an important role in initiating the intrinsic mitochondrial apoptotic pathway under pathophysiological conditions \[[@CR13]\]. Many stimuli, such as HG stimulation, can lead to the activation of Bim-induced apoptosis \[[@CR14], [@CR15]\]. Our previous study indicated that HG induces apoptosis via the upregulation of proapoptotic Bim expression in HK-2 cells \[[@CR5]\]. Bim directly activates Bax/Bak on the mitochondrial outer membrane, and this activation is accompanied by the indirect activation of the antiapoptotic proteins Bcl-2, Bcl-xL, and Mcl-1. Following the release of cytochrome *c*, caspase-3, and caspase-9, cell apoptosis is eventually induced \[[@CR16]\].

c-Jun N-terminal kinase (JNK) is an important regulator of apoptosis, which can be activated by many stimuli in the external environment, including HG \[[@CR17], [@CR18]\]. The expression of proapoptotic Bim can be transcriptionally induced by JNK, leading to Bim-dependent apoptosis \[[@CR19]--[@CR21]\].

Prostaglandin E1 (PGE1) is a 20-carbon unsaturated fatty acid that is found widely in various species of mammals. Exogenous PGE1 is a powerful vasodilator and platelet aggregation inhibitor that has a wide range of pharmacological applications. In recent years, PGE1 has been found to reduce apoptosis in other animals and tissues \[[@CR22]--[@CR25]\]. Our previous experiment demonstrated that PGE1 reduces the apoptosis of renal tubular cells in DKD rats \[[@CR25]\]. However, it is unclear whether PGE1 can reduce apoptosis by modulating Bim, and it remains to be investigated whether the JNK/Bim signaling pathway is involved.

Materials and methods {#Sec2}
=====================

Animal models and treatment {#Sec3}
---------------------------

Male Wistar rats (initial mean body weight: 200 ± 20 g) were purchased from Beijing HFK Bio-Technology Co. Ltd. (Beijing, China, Certificate No. SCXK 2014-0008). All animals were kept in a light-controlled room with constant room temperature (21 °C) and humidity (75%). Water and standard chow were available ad libitum. All rats were randomly divided into four groups: (1) the sham group (*n* = 6); (2) the unilaterally nephrectomized group (Unx, *n* = 6); (3) the Unx + streptozotocin (STZ) group (DKD, *n* = 6); and (4) the Unx + STZ + PGE1 group (PGE1, *n* = 6). Right nephrectomy was employed to accelerate the development of renal injury \[[@CR26]\]. Seven days after uninephrectomy, diabetes was induced by a single intraperitoneal injection of STZ (Sigma-Aldrich, St Louis, MO, USA) at a dose of 45 mg/kg body weight diluted in citrate buffer (0.1 mol/L, pH 4.0), as previously described \[[@CR27]\]. The presence of diabetes (blood glucose levels over 16.7 mmol/L) was confirmed 72 h after STZ injection by measuring tail blood glucose levels. The blood glucose levels of all rats were measured weekly using a One Touch Ultra blood glucose monitoring system (LifeScan Inc., Milpitas, CA, USA). Each sham control rat received sham operation without damage to the kidney, as previously described \[[@CR26]\]. To induce DKD, the rats were left in a diabetic condition without any treatment for the following 4 weeks \[[@CR28]\]. The DKD model was considered to be successfully established in animals that produced over 1.5 times more urine than they produced before the procedure and that exhibited 24-h microalbuminuria levels that were 10 times higher than those in the control group \[[@CR25]\]. The rats in the sham and Unx groups that did not receive STZ injection were used as nondiabetic controls. Meanwhile, hematoxylin and eosin (H&E), periodic acid-Schiff (PAS) and periodic acid silver methenamine (PASM) staining was performed in random kidney samples to verify the establishment of the DKD model. In the PGE1-treated group, PGE1 (Lipo-PGE1, Beijing Taide Pharmaceutical Company, Beijing, China) at a dose of 10 µg/kg body weight was injected into the tail vein daily for 10 consecutive days \[[@CR29]\], while diabetic animals that received vehicle control without PGE1 were used as the negative treatment control (DKD group). After 10 d of PGE1 treatment, the left kidney was then harvested for morphological studies and molecular analyses. The study was approved by the Institutional Animal Care and Use Committee of Shandong Provincial Qianfoshan Hospital and was performed in accordance with the Principles of Laboratory Animal Care.

Assay of albuminuria {#Sec4}
--------------------

Urinary protein levels were assessed by the Bradford method. The levels of urinary albumin were determined with an ELISA kit (Cusabio Biotech Co., Wuhan, China) according to the manufacturer's instructions.

Renal histology {#Sec5}
---------------

The removed kidneys were fixed in 4% phosphate-buffered formalin solution and embedded in paraffin. Three-micrometer-thick sections were stained with H&E, PAS, and PASM. The morphology and structure of the kidney tissue were visualized by H&E staining. PAS staining was used to demonstrate mesangial matrix deposition, and basement membrane thickening was assessed by PASM staining. The degree of glomerular damage was defined as the extent of extracellular matrix deposition and mesangial expansion \[[@CR30]\]. Tubulointerstitial changes included tubular atrophy, casts, tubular dilation, interstitial mononuclear cell, and extracellular matrix accumulation \[[@CR31]\]. All renal biopsies were examined by the same pathologist, who was blinded to the experimental groups.

Immunohistochemical analysis {#Sec6}
----------------------------

Three-micrometer-thick paraffin sections were used to evaluate Bim, Bax, and Bcl-2 expression using a high pressure-based antigen retrieval technique. The following primary antibodies were used: rabbit anti-Bim (1:100, Abcam, Cambridge, MA, USA); rabbit anti-Bax (1:100, Affinity, Chicago, IL, USA); rabbit anti-Bcl-2 (1:100, Affinity). These antibodies were added to the sections and incubated overnight at 4 °C. Negative controls were incubated with PBS. After washing with PBS, the sections were incubated with a horseradish peroxidase-labeled goat anti-rabbit IgG secondary antibody (Beijing Zhongshan Golden Bridge Biotechnology Co. Ltd., Beijing, China) at room temperature for 1 h, followed by color development with diaminobenzidine (DAB) and counterstaining with hematoxylin. The sections were examined under a light microscope (Olympus, Tokyo, Japan).

Cell culture {#Sec7}
------------

The human proximal renal tubular cell line HK-2 (American Type Cell Collection, Rockville, MD, USA) was obtained from Wuhan Pricells Biotechnology & Medicine Co. (Wuhan, China) and cultured in RPMI-1640 medium supplemented with 11.1 mM D-glucose, 10% fetal bovine serum and 1% penicillin-streptomycin (HyClone, Logan, UT, USA) in an incubator with 5% CO~2~ at 37 °C. For most trials, the cells were incubated in medium containing 5.5 mM D-glucose + 24.5 mM D-mannitol \[as a medium-glucose (MG) control group\] or 30 mM D-glucose (HG group). D-mannitol and D-glucose were purchased from Sigma-Aldrich Canada Ltd. (Oakville, ON, Canada). Cells were cultured in the presence or absence of 10 µM PGE1 (National Institute for Food and Drug Control, Beijing, China), 0.2 µM anisomycin (a JNK agonist) (MedChemExpress, Monmouth Junction, NJ, USA) and 10 µM \[[@CR32], [@CR33]\] SP600125 (a JNK inhibitor) (MedChemExpress) for 48 h.

Cell counting kit-8 assay {#Sec8}
-------------------------

HK-2 cells were cultivated in 96-well plates at a density of 3.0 × 10^4^ cells/cm^2^ in RPMI-1640 medium overnight. The cells were treated with different concentrations of PGE1 (0.1, 1, 10, and 100 µM) in HG solution (30 mM D-glucose). After 24, 48, and 72 h, 10 µL of Counting Kit-8 reagent (Dojindo Molecular Technologies, Inc., Kumamoto, Japan) was added to each well. The culture plates were incubated for an additional 2 h in a humidified CO~2~ incubator at 37 °C. Finally, the absorbance of each well at 450 nm was measured by a microplate reader (Thermo Fisher Scientific, Inc., Waltham, MA, USA). Five wells were prepared for each concentration, and the experiment was repeated 3 times. The cell survival rate was calculated according to the manufacturers' instructions.

Flow cytometry analysis of apoptosis {#Sec9}
------------------------------------

Analysis of the apoptotic effects of PGE1 on HK-2 cells was performed using the Annexin V-FITC kit (Neobioscience, Inc., Shenzhen, China). Following the recommended protocols, cells were cultured in 6-well plates overnight and then exposed to 5.5 mM glucose + 24.5 mM mannitol, 30 mM HG, and HG + PGE1 for the indicated times. After 48 h, the cells were detached with trypsin-EDTA, washed twice with ice-cold PBS, collected by centrifugation, and resuspended in 500 µL of 1× binding buffer. Thereafter, a total of 5 µL of annexin V-FITC and 10 µL of propidium iodide (PI) in binding buffer were added and incubated for 30 min at room temperature in the dark. The apoptosis rates of the cell samples were analyzed with a flow cytometer (BD FACSAria™ II Cell Sorter, Franklin Lakes, NJ, USA). Cells positive for annexin V-FITC or negative for PI were considered apoptotic cells. For each sample, 10 000 events were acquired. Analysis was carried out following at least three separate experiments.

Immunofluorescent staining {#Sec10}
--------------------------

Three-micrometer-thick frozen kidney sections were prepared. HK-2 cells were seeded on slides in a six-well plate and stimulated with different media for 48 h. The sections and slides were fixed for 10 min with 4% paraformaldehyde and then permeabilized with 0.05% Triton X-100 for 15 min. Then, the sections and slides were incubated with a rabbit anti-Bim antibody (1:150; Abcam) at 4 °C overnight. After incubation with Alexa Fluor 546-conjugated donkey anti-rabbit IgG (H + L) (1:200, Invitrogen, CA, USA) for 1 h at room temperature in the dark, the sections and slides were stained with diphenyleneiodonium (DAPI). Images were detected using a fluorescence microscope (Olympus FSX100). The intensity of fluorescence indicated the expression level of the Bim protein.

TUNEL assay {#Sec11}
-----------

The apoptosis of renal tubules and glomeruli was detected in situ in 7-µm-thick frozen kidney tissue sections, as well as in HK-2 cells on slides after different treatments. The TUNEL assay was performed using an In Situ Cell Death Detection kit (Roche, Basel, Switzerland). The apoptosis rate of kidney tissues and HK-2 cells were calculated according to the manufacturer's instructions.

Western blot analysis {#Sec12}
---------------------

Renal cortical tissues were lysed with radioimmunoprecipitation assay (RIPA) buffer (150 mM sodium chloride, 1% Triton X-100, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 50 mM Tris, pH 7.4, sodium orthovanadate, sodium fluoride, EDTA, and leupeptin) with protease and phosphatase inhibitors (Beyotime, Inc., Shanghai, China) to extract proteins as described previously \[[@CR34]\]. The cells were harvested and lysed in RIPA buffer as described above. Primary antibodies against Bim (1:500, Abcam), Bax (1:1000, Affinity), caspase-3 (1:500, Abcam) cleaved caspase-3 (1:500, Chemicon, Chicago, IL, USA), total JNK (1:500, Affinity), phosphorylated JNK (1:500, Affinity), and β-actin (ZSBIO, Beijing, China) and conjugated secondary antibodies (goat anti-rabbit IgG) were used. Signals were detected with the Alpha chemiluminescent gel imaging system FluorChem E (ProteinSimple, San Jose, CA, USA) and quantitated with ImageJ software (National Institutes of Health, Bethesda, MD, USA). The expression levels of the examined proteins were normalized to those of β-actin.

Quantitative RT-PCR {#Sec13}
-------------------

Total RNA was isolated from kidney tissues and cultured HK-2 cells by TRIzol reagent (Invitrogen, CA, USA). Reverse transcription was carried out by a Prime-Script RT reagent kit (TaKaRa, Dalian, China). Quantitative RT-PCR (qRT-PCR) was optimized and performed using SYBR Green master mix (Vazyme, Nanjing, China) according to the manufacturer's protocol. Fold induction was calculated using the 2^-ΔΔCt^ method. GAPDH and β-actin served as the endogenous controls. The primers that were used are shown in Table [1](#Tab1){ref-type="table"}.Table 1Primer sequencesGene nameForward-sequence (5\'-3\')Reverse-sequence (5\'-3\')Bim (human)ATTACCAAGCAGCCGAAGACTCCGCAAAGAACCTGTCAATBax (human)AAGCTGAGCGAGTGTCTCCGGCGCAGATGCCGGTTCAGGTACTCAGTCCaspase-3 (human)AAGCTGAGCGAGTGTCTCCGGCGCAGATGCCGGTTCAGGTACTCAGTCBim (rat)ATCTTCTCTGCTGTCCCGGTCTGCCTTATGGAAGCCATTGCACBax (rat)GAATTGGCGATGAACTGGACGCAAAGTAGAAAAGGGCAACCCaspase-3 (rat)GACTGCGGTATTGAGACAGACGAGTGAGGATGTGCATGAA

Statistical analysis {#Sec14}
--------------------

The data are expressed as the means ± SEM. Student's *t*-test was used to assess the significance of the data between the two groups. Comparisons of the variables were performed by one-way ANOVA followed by post hoc analysis using the least significant difference method. A *P* *\<* 0.05 was considered to indicate statistical significance.

Results {#Sec15}
=======

Animal experiments and the establishment of the DKD model {#Sec16}
---------------------------------------------------------

The protocol for the animal assays is presented in Fig. [1a](#Fig1){ref-type="fig"}. Day 0 was the point before operation (sham and Unx). Day 10 was 7 d after operation and 72 h after STZ injection, which was also the point at which the diabetes model was established. Day 38 was the point at which the DKD model was established. It also marked the beginning of PGE1 injections. Day 48 was when daily PGE1 intervention ended and all rats were sacrificed. Some diabetic rats and nondiabetic rats were sacrificed to confirm the establishment of the DKD model. The establishment of the DKD model was verified through pathological diagnosis by H&E, PAS, and PASM staining (Fig. [1b](#Fig1){ref-type="fig"}). The degrees of glomerular sclerosis and glomerular capillary occlusion were significantly greater in the diabetic groups than in the nondiabetic groups, as indicated by H&E staining. The thickening of the glomerular mesangial matrix, as observed by PAS staining, and the thickening of the glomerular and tubular basement membranes, as observed by PASM staining, were observed to be more severe in the diabetic groups than in the nondiabetic groups. These results indicated that the DKD model was established successfully.Fig. 1PGE1 had no effect on blood glucose but reduced urinary microalbumin levels after the establishment of the DKD model. **a** General flow chart of the animal experiments. Each experimental group contained six rats, and timelines of DKD model establishment and STZ and PGE1 injections are displayed. The injection volumes for STZ and PGE1 in the rats were 45 mg/kg and 10 µg/kg, respectively. **b** H&E, PAS and PASM staining were used to confirm the establishment of the DKD model. A1--B3 mainly show glomeruli (×400 magnification). Scale bar, 30 µm. **C1-D3** show renal tubules (×200 magnification). Scale bar, 50 µm. Non-DKD kidneys were from the sham and Unx groups. **c** Changes in the blood glucose levels (mmol/L) of the different groups on day 0, day 10, day 38, and day 48. The data represent the means ± SEM (*n* = 6 per group). \*\**P* *\<* 0.01 versus the Unx group. **d** Twenty-four**-**hour urinary protein levels were measured by an ELISA kit on day 0, day 38, and day 48. The data represent the means ± SEM (*n* = 6 per group). \**P* *\<* 0.05 versus the PGE1 group

PGE1 had no effect on blood glucose but reduced urinary microalbumin levels in DKD rats {#Sec17}
---------------------------------------------------------------------------------------

Blood glucose was detected on days 0, 10, 38, and 48. The blood glucose of the diabetic rats was significantly higher than that of the nondiabetic rats. However, there was no significant difference in blood glucose levels after PGE1 intervention compared with those in the DKD rats (Fig. [1c](#Fig1){ref-type="fig"}). We next explored the effect of PGE1 on alleviating urinary protein. Twenty-four-hour urine samples were collected on days 0, 38, and 48. There was an elevated level of microalbuminuria in the DKD group compared with that in the sham and Unx groups on day 38 (*P* *\<* 0.05, Fig. [1d](#Fig1){ref-type="fig"}), in accordance with previous findings in the DKD model \[[@CR25]\]. Additionally, the level of microalbuminuria in the PGE1 group decreased compared with that in the DKD group after 10 d of PGE1 treatment, and the difference was statistically significant (*P* *\<* 0.05, Fig. [1d](#Fig1){ref-type="fig"}).

PGE1 reduced the apoptosis of tubular cells in DKD rats {#Sec18}
-------------------------------------------------------

To evaluate the apoptosis of the renal cells, a TUNEL assay was conducted for the four groups (the sham, Unx, DKD, and PGE1 group). Apoptotic cells exhibited blue-green fluorescence after the images were merged. Surprisingly, there was almost no apoptosis in the glomeruli. However, apoptosis occurred mainly in the proximal renal tubules and distal renal tubules, as indicated by the red arrows (Fig. [2a](#Fig2){ref-type="fig"}). Notably, the apoptosis rate was 11.56% ± 0.49% in the DKD group, which was higher than that in the control groups (0.85% ± 0.08%) (*P* *\<* 0.01, Fig. [2b](#Fig2){ref-type="fig"}). An improvement in apoptosis was clearly observed in the PGE1 group (3.33% ± 0.11%) compared with the DKD group (*P* *\<* 0.01, Fig. [2b](#Fig2){ref-type="fig"}).Fig. 2PGE1 reduced the apoptosis of tubular cells and attenuated Bim, Bax, caspase-3 and cleaved caspase-3 expression in DKD rats. **a** The apoptosis of tubular cells in rat kidneys was assessed by TUNEL staining (×200 magnification). The green fluorescence indicates apoptotic cells, the blue fluorescence indicates nuclei, and the red arrows show apoptotic cells. **b** Quantitative analysis of the apoptosis of renal tubular cells. The number of apoptotic cells and the total number of cells in 100 renal tubule regions and the number of apoptotic cells in 50 glomerular regions were determined in a continuous field of vision. The apoptosis rate of renal tubular cells was calculated based on the following formula: the number of apoptotic cells in every 100 renal tubule regions/ the number of total cells × 100%. The rate of apoptosis of the glomeruli was determined by calculating the average number of apoptotic cells in each single glomerular region. **c** Bim expression was detected by immunofluorescence (×200 magnification). The red fluorescence represents Bim expression, and the blue fluorescence represents nuclei. **d** qRT-PCR was performed to determine the mRNA levels of Bim, Bax and caspase-3 in the renal cortex of the rats. **e**, **f** The protein levels of Bim, Bax, caspase-3 and cleaved caspase-3 in the renal cortex of the rats were assessed by Western blotting. The data represent the means ± SEM (*n* = 6 per group). \**P* *\<* 0.05, \*\**P* *\<* 0.01 versus the DKD group. G glomeruli

PGE1 attenuated Bim, Bax, caspase-3, and cleaved caspase-3 expression in DKD rats {#Sec19}
---------------------------------------------------------------------------------

To determine whether apoptosis-related proteins participate in the attenuation of apoptosis by PGE1, we evaluated the expression of the apoptosis protein Bim in the kidneys of rats. Bim expression in rat kidneys was evaluated by immunofluorescence staining. The red fluorescence intensity indicated how much Bim was expressed. The staining was strongest in the DKD group. After 10 d of treatment with PGE1, the Bim fluorescence intensity was attenuated compared with that in the DKD group (Fig. [2c](#Fig2){ref-type="fig"}). Next, we evaluated the expression of apoptosis-related proteins by Western blotting and qRT-PCR. The results indicated that the protein and gene expression of Bim, Bax, caspase-3 and cleaved caspase-3 was increased in the DKD group compared with that in the sham and Unx groups. Conversely, PGE1 reduced the expression of these apoptosis-related proteins compared with that in the DKD group (Fig. [2d--f](#Fig2){ref-type="fig"}).

PGE1 alleviated histomorphological injury in DKD rats {#Sec20}
-----------------------------------------------------

Histomorphological changes were observed in tissues stained with PAS after PGE1 treatment (Fig. [3](#Fig3){ref-type="fig"}). The morphological PAS staining of the kidney demonstrated marked alleviation of the thickening of the glomerular basement membrane and an expansion of the mesangium in DKD rats after PGE1 treatment. Renal tubular epithelial cells were detached, and the lumen was enlarged in the DKD group. Renal tubular lesions were observed to be improved in the PGE1 group. Moreover, the effects of PGE1 on renal morphology were reflected by immunohistochemistry. The expression of Bim and Bax was reduced after PGE1 treatment, as determined by immunohistochemistry, while the expression of the antiapoptotic protein Bcl-2 was elevated in the treatment group.Fig. 3PGE1 alleviated histomorphological injury in DKD rats. A1-E4: PAS and immunohistochemical staining of the renal cortex were used to observe the effect of PGE1 on histomorphological changes in DKD kidneys at the end of the experimental period. A1--A4**:** ×400 magnification. Scale bar, 30 µm. B1--E4**:** ×200 magnification. Scale bar, 50 µm. A1--B4**:** PAS staining of glomeruli and renal tubules on day 48. C1--E4: Immunohistochemical staining for Bax, Bim and Bcl-2 on day 48. G glomeruli, P proximal tubule; the yellow and dark yellow areas represent positively stained regions

PGE1 increased the cell viability and reduced the apoptosis of HK-2 cells induced by HG stimulation {#Sec21}
---------------------------------------------------------------------------------------------------

The CCK8 assay was conducted to identify the optimal PGE1 concentration and intervention time for subsequent cell experiments. HK-2 cells were treated with different concentrations of PGE1 (0.1, 1, 10, and 100 µM) in an HG environment (30 mM D-glucose). In addition, the MG group (24.5 mM mannitol + 5.5 mM D-glucose) and HG group (30 mM D-glucose) were used as the control groups. Six groups were cultured for 24, 48, and 72 h. As shown in Fig. [4a](#Fig4){ref-type="fig"}, cell survival in the HG group was decreased compared with that in the MG group, but there was no significant difference at 48 h. Compared to cell survival after treatment with 0.1 to 100 µM PGE1, cell survival after treatment with 10 µM PGE1 was higher, and the difference between the 10 µM PGE1 group and the MG group was statistically significant (*P* *\<* 0.05). Therefore, the optimal concentration and intervention time were 10 µM and 48 h, respectively.Fig. 4PGE1 increased cell viability and reduced HG-induced apoptosis in HK-2 cells. **a** Cell viability was assessed by the CCK-8 assay after treatment with PGE1 at different concentrations for 24 h, 48 h, and 72 h in HK-2 cells. The data represent the means ± SEM. \**P* *\<* 0.05 versus the MG group. MG: mannitol (24.5 mM) + glucose (5.5 mM) group; HG: high glucose (30 mM) group; PGE1: 0.1--100 µM prostaglandin E1. **b**, **c** TUNEL staining of HK-2 cells (×200 magnification). The green fluorescence represents apoptotic cells, the blue fluorescence indicates nuclei, and the white arrows show apoptotic cells. The number of apoptotic cells and the total number of cells in 10 consecutive horizons were calculated. The rate of apoptosis was calculated by the following formula: the number of apoptotic cells in 10 consecutive horizons/the total number of cells × 100%. The data represent the means ± SEM. \*\**P* *\<* 0.01 versus the HG group. **d** The apoptosis of HK-2 cells was detected by flow cytometry. The Q4 region represents early apoptotic cells, and the Q2 region represents terminal apoptotic and necrotic cells. The total apoptosis rate was calculated based on the Q2 + Q4 cell apoptosis ratio. The data represent the means ± SEM. \**P* *\<* 0.05 versus the HG group

Then, the cells were divided into three groups: the MG group, HG group, and HG + PGE1 group. The TUNEL assay indicated that the number of apoptotic cells was the highest in the HG group (white arrow, Fig. [4b](#Fig4){ref-type="fig"}). The rate of apoptosis in tubular cells in the HG group was 24.58% ± 1.00%, which was obviously increased compared with that in the MG group (*P* \< 0.01). There was a reduction in the apoptosis rate in the PGE1 group (5.27% ± 1.70%) compared with that in the HG group, and the difference was statistically significant (*P* \< 0.01, Fig. [4c](#Fig4){ref-type="fig"}).

Similarly, the cells were divided into three groups (the MG group, HG group, and HG + PGE1 group) for the flow cytometry assay. As shown in Fig. [4d](#Fig4){ref-type="fig"}, there was a statistically significant increase in cell apoptosis in the HG group compared with that in the control group (*P* *\<* 0.05). Moreover, the apoptosis rate in the PGE1 group was significantly decreased compared with that in the HG group (*P* *\<* 0.05). Taken together, our results suggest that PGE1 alleviates cell apoptosis in vitro.

PGE1 lessened the expression of Bim, Bax, caspase-3, and cleaved caspase-3 in HK-2 cells induced by HG stimulation {#Sec22}
------------------------------------------------------------------------------------------------------------------

We further explored the anti-apoptotic effect of PGE1 in vitro. Immunofluorescence staining showed that Bim expression increased after incubation with HG for 48 h. PGE1 treatment obviously reduced Bim expression, which was consistent with our animal experiments (Fig. [5a](#Fig5){ref-type="fig"}).Fig. 5PGE1 suppressed Bim, Bax, caspase-3, cleaved caspase-3 expression and phosphorylation of JNK in HK-2 cells. **a** Bim expression in HK-2 cells was detected by immunofluorescence (×600 magnification). The red fluorescence represents Bim expression, and blue fluorescence represents nuclei. **b**, **c** Western blot analysis of Bax, caspase-3 and cleaved caspase-3 expression in the MG, HG and HG + PGE1 groups. The data represent the means ± SEM. \**P* *\<* 0.05, \*\**P* *\<* 0.01 versus HG group. **d**, **e** Western blot analysis of Bim, p-JNK and JNK expression in the MG, HG and HG + PGE1 groups. **f** qRT-PCR was performed to determine the mRNA levels of Bim, Bax, and caspase-3 in HK-2 cells. The data represent the means ± SEM. \**P* *\<* 0.05, \*\**P* *\<* 0.01 versus the HG group

Similarly, the expression levels of Bim, Bax, caspase-3 and cleaved caspase-3 were detected in cultured cell lines. Western blot and qRT-PCR results showed that Bim, Bax, caspase-3, and cleaved caspase-3 levels were reduced remarkably in the PGE1 group compared with those in the HG group (Fig. [5b--f](#Fig5){ref-type="fig"}).

PGE1 inhibited the phosphorylation of JNK and Bim expression in HK-2 cells in HG {#Sec23}
--------------------------------------------------------------------------------

It has been postulated that JNK is an important regulator of apoptosis \[[@CR17], [@CR18]\]. Hence, we investigated whether PGE1 affects JNK phosphorylation. As expected, PGE1 inhibited the phosphorylation of JNK while decreasing Bim expression. There was a significant reduction in the expression of p-JNK and Bim in the HG + PGE1 group (*P* *\<* 0.01, *P* *\<* 0.05, respectively, Fig. [5d, e](#Fig5){ref-type="fig"}).

PGE1 blocked the activation of JNK/Bim in cultured HK-2 cells in HG {#Sec24}
-------------------------------------------------------------------

JNK and p-JNK expression was determined using Western blotting to verify whether JNK participates in the PGE1-mediated reduction in Bim in an HG environment. Intriguingly, we observed a positive correlation between the expression of JNK and Bim; the expression of p-JNK increased with the prolongation of HG culture time (1, 6, 12, 24, and 48 h), and Bim expression subsequently increased. At 48 h, the expression levels of p-JNK and Bim were the highest (Fig. [6a, b](#Fig6){ref-type="fig"}). Therefore, we explored the regulatory relationship between JNK and Bim after 48 h of cell culture. The expression levels of p-JNK and Bim were obviously higher than that in the HG group after incubation with the JNK agonist anisomycin (AM) in HG for 48 h, (*P* \< 0.05, *P* \< 0.01, respectively, Fig. [6c, d](#Fig6){ref-type="fig"}). Simultaneously, p-JNK and Bim expression levels were decreased significantly compared with those in the HG group after incubation with the JNK inhibitor SP600125 in HG (*P* *\<* 0.05, Fig. [6c, d](#Fig6){ref-type="fig"}). These results showed that the regulation of JNK by HG stimulation impacted Bim expression. Because there are many factors that affect Bim expression under HG conditions and to further define whether JNK is an upstream regulator of Bim, the regulation of JNK by MG alone was evaluated by detecting the expression of Bim after 48 h. SP600125 and PGE1 had no effect on the expression of JNK under MG conditions (Fig. [6e, f](#Fig6){ref-type="fig"}). However, the expression of p-JNK and Bim significantly increased upon incubation with AM compared with that in the MG group (*P* \< 0.01). SP600125 suppressed p-JNK expression after AM stimulation in MG (*P* \< 0.05). Bim expression decreased synchronously (*P* \< 0.01). Along with the HG culture data, the results showed that Bim was mediated by JNK under both high and normal glucose conditions. Similarly, PGE1 also reduced the expression of p-JNK and Bim upon AM incubated in MG compared to that in the MG + AM group, as did SP600125 (*P* \< 0.05, *P* \< 0.01, respectively, Fig. [6e, f](#Fig6){ref-type="fig"}). These data provided key evidence that the inhibition of JNK/Bim signaling was indeed responsible for the alleviation of apoptosis by PGE1.Fig. 6PGE1 alleviated the activation of JNK/Bim induced by HG stimulation. **a**, **b** Western blot analysis of p-JNK, JNK and Bim expression after incubation with HG for different times (1, 6, 12, 24, and 48 h). The data represent the means ± SEM. \**P* \< 0.05, \*\**P* \< 0.01 versus the NG group. ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01 versus the HG group at 48 h. **c**, **d** Western blot analysis of p-JNK, JNK and Bim expression in the MG, HG, and HG + AM, HG + SP600125 groups after 48 h. The data represent the means ± SEM. \**P* \< 0.05, \*\**P* \< 0.01 versus the MG group. ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01 versus the HG group. **e**, **f** Western blot analysis of p-JNK, JNK and Bim expression in the MG, MG + SP600125, MG + PGE1, MG + AM, MG + AM + SP600125, and MG + AM + PGE1 groups. The data represent the means ± SEM. \*\**P* \< 0.01 versus the MG group. ^\#^*P* \< 0.05, ^\#\#^*P* \< 0.01 versus the MG + AM group. **g**, **h** Western blot analysis of p-JNK, JNK, and Bim expression in the MG, HG, HG *+* AM, HG + PGE1, and HG + AM + PGE1 groups. The data represent the means ± SEM. \**P* *\<* 0.05, \*\**P* *\<* 0.01 versus the HG group. ^\#\#^*P* *\<* 0.01 versus the HG + PGE1 group

Moreover, we tested whether PGE1 regulates Bim through the other pathway. The HG + AM + PGE1 group was examined, and PGE1 partially ameliorated the expression of p-JNK and Bim induced by AM compared with that in the HG + AM group (*P* \< 0.01, Fig. [6g, h](#Fig6){ref-type="fig"}). However, although PGE1 decreased the expression of p-JNK and Bim in the HG + AM + PGE1 group, the expression of p-JNK and Bim were still higher than those in the HG + PGE1 group (*P* \< 0.05, Fig. [6g, h](#Fig6){ref-type="fig"}). Therefore, these results indicated that JNK/Bim signaling contributed to the inhibition of Bim induced by PGE1 treatment in HK-2 cells in HG.

Discussion {#Sec25}
==========

The number of DM patients reached 451 million by the end of 2017, and it is estimated that the total number of DM patients will reach 693 million in 2045 \[[@CR35]\]. As one of the most common chronic complications of diabetes, DKD has become one of the main causes of death from chronic kidney disease as well as the most common cause of end-stage renal failure in developed countries \[[@CR36]\]. At present, strict control of blood glucose and blood pressure, especially the application of renin angiotensin inhibitor \[[@CR37]\], cannot effectively control the occurrence and development of DKD. It has become urgent to clarify the pathogenesis of DKD and search for effective measures to prevent and delay DKD.

Previous studies have focused on glomerular lesions, but in recent years, a growing body of evidence has shown that renal tubular injury may be equally important \[[@CR5]--[@CR7]\], and apoptosis is more common in renal tubular lesions \[[@CR38]--[@CR40]\]. PGE1 is a powerful vasodilator involved in many physiological functions and has been corroborated as having an ameliorative effect on diabetic complications such as peripheral neuropathy \[[@CR41]\]. A growing body of evidence has confirmed the apoptosis-inhibiting function of PGE1. Previous research has demonstrated that PGE1 reduces neuronal apoptosis induced by ischaemia/reperfusion \[[@CR22]\]. Human umbilical vein endothelial cells are protected from H~2~O~2~-induced apoptosis by PGE1 in vivo \[[@CR23]\]. In addition, PGE1 inhibits apoptosis via the downregulation of Bax expression and the upregulation of Bcl-2 expression in neonatal rat cardiomyocytes under hypoxic conditions \[[@CR24]\]. Previously, we found that PGE1 alleviates urinary protein levels by inhibiting the apoptosis of renal tubular epithelial cells in DKD rats \[[@CR25]\]. Notably, illuminating how PGE1 affects proximal renal tubular apoptosis might be helpful for identifying the pharmacological mechanism of PGE1. In the present study, we examined HG-induced toxicity in proximal renal tubular cells both in vivo and in vitro. The reversal of the apoptosis of proximal renal tubular cells and the alleviation of renal pathology, as determined by the TUNEL assay and immunohistochemistry, may indicate the cause of the reduction in proteinuria in DKD rats by PGE1 treatment.

The Bim protein has been found to play a vital role in the apoptotic process. Bim is part of the Bcl-2 family, which belongs to the proapoptotic gene family \[[@CR16]\], and its activation leads to the activation of the mitochondrial apoptotic pathway. In our study, the protein expression of Bim, Bax, caspase-3 and cleaved caspase-3 was increased in DKD rats, which is in accordance with other studies \[[@CR42]--[@CR44]\]. After 10 d of PGE1 treatment, the expression of these proteins was decreased. Additionally, immunofluorescence indicated that PGE1 reduced Bim expression in renal tubules as well.

Given that Bim is expressed mainly in proximal renal tubules \[[@CR45]\], we further studied the HK-2 cell line to clarify the effects upstream of Bim. We found that PGE1 treatment not only reduced the expression levels of Bim, Bax, and cleaved caspase-3 but also inhibited the phosphorylation of JNK in proximal renal tubular cells.

The course of apoptosis requires synergy between a variety of molecules, of which JNK is an important regulator. JNK is involved in many cell apoptotic processes, such as nervous system disease, type 1 diabetes, and tumor development and growth. In type 1 diabetes, the apoptosis of islet beta cells is associated with the activation of JNK \[[@CR46]\]. In neuronal cells, JNK participates in Bim-dependent apoptosis \[[@CR19]--[@CR21]\]. In addition, studies have confirmed that JNK is involved in kidney injury in diabetic rats and STZ-induced DKD rats \[[@CR17], [@CR18]\]. Therefore, we validated whether JNK is a key upstream regulator of Bim and whether JNK participates in PGE1-reduced Bim expression.

This study demonstrated that p-JNK and Bim protein levels were markedly elevated after incubation with HG over time, suggesting a positive correlation between JNK and Bim. After a JNK agonist and inhibitor were added, p-JNK and Bim expression was activated and obviously suppressed, establishing JNK as an upstream factor that regulates Bim-induced apoptosis. An important aspect of this study was the demonstration that JNK modulated Bim under both HG and normal glucose conditions, which indicates the direct regulation of JNK and the elimination of the effect of HG by Bim. Our results also indicated that JNK contributed to the PGE1-induced reduction in Bim. Activated p-JNK and Bim were more greatly reduced upon incubation with PGE1 and a JNK agonist than upon incubation with a JNK agonist alone. However, the expression of p-JNK and Bim were still higher than upon incubation with PGE1 alone, suggesting that PGE1 attenuated HG-induced Bim expression by inhibiting JNK.

In conclusion, our findings indicate that HG promotes the apoptosis of proximal renal tubular epithelial cells via the activation of JNK and the increased expression of the apoptosis-related proteins Bim, Bax, caspase-3 and cleaved caspase-3. We also found that JNK/Bim signaling contributes to the apoptosis of renal tubular cells induced by HG. Additionally, PGE1 reduces the apoptosis of proximal renal tubular cells induced by HG stimulation and suppresses the activation of the JNK/Bim signaling pathway. Above all, our results support a potential therapeutic role of PGE1 in preventing DKD and the apoptosis of renal proximal tubules.
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